Introduction
Environmental electrochemical engineering is becoming hot topic nowadays because of the very promising applications that currently are being developed [1] . In addition to the very promising application in the treatment of industrial wastewater [2] [3] [4] [5] , soil electroremediation technologies are focusing the interest of many research groups and applications to the removal of organics from polluted soils seems to be a worthy topic of study [6] [7] [8] [9] . One of the types of pollutants with a greater interest are herbicides because they can be a source for diffuse pollution, either associated to bad dosages or to accidental discharges [10] . For this reason, the application of electrochemical technology for their removal has been studied during the recent years [11] .
There are many types of technologies that can be applied to the removal of pesticides from soil [6, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and our group has focused during the recent years not only in the development of soil washing treatments [23, 24] (off-site technology) but also in two onsite technologies, the electrokinetic soil flushing (EKSF) [25] [26] [27] and electrokinetic fences (EKF) [28] . However, in the recent years a new technological approach has been proposed for the removal of organics: the permeable reactive barriers (PRB), demonstrating great advantages as compared to the EKSF of the EKF technologies. In addition to their application for the removal of inorganic species, use of biological barriers [29] , ion exchange resin [30] or activated carbon [31] barriers has been studied with great detail for the remediation of soil polluted with organic pollutants, pushing up research in the search for new applications [32] [33] [34] [35] [36] [37] .
One of the most interesting approaches, because of the expected high efficiency in the removal of organics, are the permeable barriers consisting of adsorption beds [31, 35] . A first experience in the application of the combination of EKSF with adsorption barriers was proposed for the removal of trichlorophenol from spiked soils [31] , where it was demonstrated its high efficiency and easy performance. This technology is based on the mobilization of pollutants contained in the soil by the application of an electric field through an adsorbent bed. Transport of pollutants can be associated to electromigration (ionic pollutants), electrophoresis (colloids and microdrops of emulsified pollutants) and dragging with the electro-osmotic flux. The higher the contact of the pollutant with the adsorption bed, the higher is the efficiency of the process. For this reason, advantages of reversible changes in the polarity were also pointed out in the literature [38] . A comprehensive example was shown with the removal of diesel pollution from soils [39, 40] , in which the periodic reversion in the polarity did not only improve the efficiency but it also helped to regulate the pH (preventing extreme pH even near to the electrode wells) and to avoid the depletion of ionic species in the soil.
In this work, the removal by REKAB (Reversible Electrokinetic Adsorption Barriers) technology [41, 42] of two very well-known herbicides (2,4 dichlorophenoxyacetic acid (2,4-D) and chlorsulfuron (CLSF)) is going to be studied. Both herbicides have a great solubility in water (900 and 31800 mg dm -3 for 2,4-D and chlorsulfuron, respectively) and they have a very different volatility (0.02 mPa and 3×10 -6 mPa for 2,4-D and CLSF, respectively, at 25ºC). This is important, because in previous studies [26, 43] , pollutant evaporation was found to be a very important process during the application of EKSF technology and, consequently, it was advised the use of combined EKSF-gas capture processes as a conclusion of the work. As in that work, in the present study, a lab-scale plant is used in which soil is spiked with a concentration of 30 mg kg -1 of herbicide and the electric field applied between electrodes is 1.0 V cm -1 . Each day the polarity of electrodes was reverted. This arbitrary period was chosen taking into account previous experience of our group in the REKAB technology [44, 45] . In this work, not only results of the REKAB technology but also a comparison with EKSF is going to be carried out. 
Material and Methods

Chemicals
Results and Discussion
In this work, in order to evaluate the performance of the REKAB process (Reversible ElectroKinetic Adsorption Barrier) two spiked soil columns undergo 15-day long remediation tests. Main changes during the test, as well as a detailed post-mortem analysis, are going to be discussed in this section and results are going to be compared with those obtained using EKSF and described in a previous work [46] . Figure 2 shows the changes in the pH and conductivity in the two soil columns tested.
Polarity of the electric field applied between the electrodes was reversed once a day (value selected arbitrarily) and this periodic change helps to explain the zig-zag changes observed over the experiment in the pH value of the electrolytes contained in the wells. 
For a better understanding of the results of this work, Table 1 Regarding conductivity, during the REKAB process no significant changes can be observed in the electrolyte contained in the wells. This behavior contrasts to the fluctuations observed in the soil, with higher axial dispersions in the nearness of the electrode wells, which can be clearly related to the transport of the ionic species and the fluctuations in the value of pH. In comparing the value obtained in the REKAB with those obtained in the EKSF, it can be pointed out a much higher value of conductivity in the processes studied in this work. This higher value can be explained because opposite to EKSF, the periodic reversion of the polarity prevents the washing up of ions contained in the soil. This is also observed by comparing the conductivity of the electrolytes contained in the wells, which is much higher in the case of the EKSF, although in this case not only the transport of ions but also the more extreme changes in the pH should be taken into account to explain the high values. number of parameters involved. Initially, this reproducibility could be expected because the only change in between the two tests is the herbicide spiked in the soil matrix.
Regarding moisture of the soil, there are no significant differences between both test and final average value is slightly higher than the initial 30% contained in the initial soil matrix. In comparing results obtained applying the REKAB process with those obtained using EKSF (Table 1) , no important differences are observed between the two processes, despite the large changes in the values of the flowrates, for which the differences (associated to evaporation) are higher in the case of the REKAB process. Changes in the concentration in the electrode wells should reflect on the concentration of both pollutants in soil and they are shown in Figure 5 . In comparing the two tests, it is very important to observe that CLSF is removed more efficiently than 2,4-D after the 15-days long treatment, despite the similar concentration collected at the wells. This fact points out a very different behavior of both pesticides from the view point of adsorption onto the carbon bed. range of concentrations of interest by mixing solutions containing 100 mg dm -3 of herbicide and different amounts of activated carbon and they are shown in Figure 6 . As it is observed, for the concentration range tested, the adsorption capacity of the activated carbon is not saturated, being this capacity of adsorption of CLSF much higher than that of 2,4-D, in agreement with the results obtained in the REKAB process. Differences between the behaviors of both pesticides were also observed during the application of the EKSF process and it is very interesting to compare the profiles of pesticides in soil after the application of the two remediation technologies, because it may help to understand the transport mechanism and hence it could be used to optimize the removal in real cases. Thus, Figure Despite being similar herbicides, this figure points out the importance of bench-scale studies in order to understand the performance of electrokinetic soil remediation technologies. Even for two pesticides with a very high water-solubility, the mass balances indicate that removal depends importantly on the adsorption and volatility properties.
Obviously, the disposition of activated carbon beds into the soil during the EKSF (in fact, it is the REKAB process) contributes to the removal of herbicide importantly, more in the case of the CLSF because of the promoted equilibrium. It also minimizes the amount of herbicide evaporated and this is important because, for the design of full-scale treatments, results indicate that gas extraction and treatment should not be forgotten. Regarding EK transport processes, reversion in the polarity shows a negative impact in the collection of herbicide into the electrode wells which is in agreement not only because of the changing direction of the flows but also because of the action of the carbon bed. 
Conclusions
From this work the following conclusions can be drawn:
-REKAB is an efficient technology for the removal of soluble pesticide from soils and after 15-day long test more than 70% of the pollution can be removed.
-REKAB involves adsorption, electrokinetic transport and evaporation as the main mechanisms that explain the removal of 2,4-D and CLSF.
-Important differences between REKAB and EKSF. Adsorption of pesticide is the primary removal mechanism and it helps to minimize the effect of evaporation -Removal of pesticide in electrolyte wells is less important in REKAB because of the reversion of the polarity. This reversion has a positive effect on the pH regulation and on the prevention of the washing up of the salts contained in the soil
